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3Abstract
This paper updates estimates of global anthropogenic sulfate emissions through 1993 and provides
a time series of estimates for each year. We extend the methodology developed by Hameed and
Dignon (1989) to include emissions from copper smelting and use estimates for US emissions
between 1900 and 1940 which were not previously available. Emissions since 1986 show a slight
rise due to an increase in the US followed by a slight decline and a continuing decline in emissions
from the other OECD countries. Emissions from the rest of the world peak in 1989 and show a
steep decline associated with recession and economic restructuring in Eastern Europe. The various
emissions series are consistent with the historical record for the atmospheric concentration of non
sea sulfates that is reconstructed from an ice core recovered from Greenland.
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4I . Introduction
A number of recent attempts to account for the historical temperature record focus on the effect of
anthropogenic sulfur dioxide emissions on the atmosphere’s albedo. Kiehl and Briegleb (1993)
calculate that in some areas of the northern hemisphere, the negative direct and indirect effects of
sulfate aerosols cancel a significant portion of the positive effects of greenhouse gases. Analyses of
the GISP2 ice core (Greenland) indicate that the decrease in mean annual air temperature during the
mid 20th century in the region from which the core was taken is consistent with the increase in
tropospheric concentration of non sea sulfates (Mayewski  et al., 1990).
Such data are, however, of limited use for global analyses. Most of the cores are obtained from
regions such as Greenland that are far from anthropogenic sources. Because sulfate aerosols
remain in the troposphere for only 5 to 9 days (Alkezweeny, 1995; Jonas et al., 1995), cores from
locations at the periphery of human activity may not reflect accurately anthropogenic emissions. In
addition, records reconstructed from ice cores also include sulfates that fall back to the troposphere
from the stratosphere following volcanic eruptions. Stratospheric sulfate concentrations are
estimated by Sato et al., (1993).
Several authors reconstruct anthropogenic emissions of sulfur dioxide based on estimates of
activity levels and emissions factors for individual countries (OECD, various issues,
Environmental Data Compendium; OECD, 1994a; 1994b; United States EPA, 1995) and for world
regions and the world as a whole (Möller, 1984; Dignon and Hameed, 1989; Hameed and Dignon,
1992; Kato, 1996). Using Dignon and Hameed's (1989, 1992) data, Mitchell et al. (1995) find
that including the effect of anthropogenic sulfates increases the ability of the Hadley Centre general
circulation model to reproduce the historical temperature record.
In this paper, we update, consolidate, and improve previous estimates of global anthropogenic
sulfate emissions since 1860, and provide a time series of estimated emissions. This effort is
described in five sections.  Section II describes previous analyses.  Our extensions and revisions
are described in section III.  The results are presented in section IV and are discussed in section V.
II Previous Studies
Several estimates for anthropogenic emissions of sulfate are available for individual countries,
regions, and the globe.  The US EPA (1995) estimates emissions for the United States between
1900 and 1994.  Estimates of emissions by OECD nations are available since 1970 (OECD,
5various issues, Environmental Data Compendium; OECD, 1994a; 1994b; World Resources
Institute, 1994).  Kato (1996) provides detailed estimates of emissions in East and South Asia for
1975, 1980, 1985, 1986, and 1987. Husain (1994) estimates the quantity of sulfates emitted by
the Kuwaiti oil fires in 1991.  Möller (1984) estimates global sulfate emissions in various years
between 1860 and 1977. The estimates are generated by multiplying the levels of various source
activities by emission factors drawn from the literature.
Dignon and Hameed (1989) provide decadal estimates of global emissions from 1860 to 1980 and
Hameed and Dignon (1992) provide annual estimates of global emissions from 1970 to 1986.
These estimates are generated by summing emissions from the US, OECD, and the rest of the
world.  Data are available for emissions by the US and OECD nations.  Emissions by the rest of
the world are estimated from a regression equation.  They regress EPA estimates of US emissions
from 1940 to 1970 on US fossil fuel use during that period. Because emissions were unregulated
during that period, they assume that their regression equation can be applied to the rest of the world
where emissions are unregulated.
Comparisons with other results indicates that the methodology developed by Dignon and Hameed
(1989) probably is fairly reliable. The estimates for global emissions derived using this method
generally are consistent with the estimates generated by Möller (1984).  At a regional level, the
estimates for Chinese emissions generated by Dignon and Hameed (1989) are consistent with those
generated by Kato (1996), who estimates emissions using a different technique.
III Methodology
We reconstruct the historical record of sulfate emissions using the Dignon and Hameed (1989)
methodology. Our method differs in two ways. First, we include emissions from copper smelting
that were excluded by Dignon and Hameed. This omission is critical because copper smelting is the
greatest source of emissions after fossil fuel combustion (Möller, 1984).  We also use US data for
1900-1970 rather than 1940-1970 to estimate the regression for emissions from fossil fuel use and
emissions from copper smelting. These data recently became available from the US EPA (1995).
We estimate emissions for three periods which are determined according to the availability of data
and the regulatory regime:  1860-1900, 1900-1970, 1970-1993.
Regressions
Initially, we regress the EPA estimates of sulfur emissions (in million tonnes of sulfur) on
estimates of US coal and oil consumption (Schurr et al., 1977; United States EIA, 1995) in
6quadrillion BTU and millions of tonnes of smelted copper (US, Department of Commerce, various
issues, 1976) as proxy for emissions from metal processing (copper is by far the most important
source of emissions from metal processing). The results are unsatisfactory. The regression
coefficient for copper has the wrong sign (negative) and the error term is serially correlated. This
indicates that OLS estimation of this regression is inappropriate.  We find that the simple
correlation coefficient between oil consumption and copper smelting is greater than the correlation
coefficient between sulfur emissions and any of the other independent variables. This collinearity
may cause the wrong sign on the copper variable. Also all the variables are nonstationary. Dickey
Fuller tests (Dickey and Fuller, 1979) indicate that they are integrated of order one, I(1) that is they
contain a random walk. We attempt to alleviate the collinearity problem using a ridge regression.
The results are better (the regression coefficient on  copper has the correct sign), but the residuals
still exhibit strong serial correlation.
Instead we estimate the emissions coefficient for copper smelting by regressing all metal
processing emissions (EPA, 1995) on copper smelting.   Because this equation does not have a
constant, this is equivalent to calculating the mean emissions coefficient. The estimated coefficient
is 1.9176 which indicates that 1.9176 tonnes of sulfur as SOx is emitted for each tonne of copper
metal produced by smelting. This is larger than the estimate used by Möller (1984) partly because
we use copper as a proxy for all metal smelting and because the Möller (1984) estimate seems to be
too low (EPA, 1995).
Non-metal processing emissions are regressed on coal and oil consumption.  The model is
estimated using the Cochrane-Orcutt procedure for first order serial correlation.  The results satisfy
the usual criteria for a time series regression (Table 1). The Dickey-Fuller statistic indicates that the
variables cointegrate and that therefore the regression is valid (Engle and Granger, 1987).
1860-1900
We use the two (one for fossil fuels, one for copper) regressions discussed above to estimate
world emissions. Data for coal and oil consumption are obtained from Keeling (1994) by
converting carbon emissions to quadrillion BTUs. Historical data for copper smelting are estimated
by interpolating the observations reported by Möller (1984) assuming a constant growth rate for
each decade.
1900-1970
During this period, estimates for US emissions are available  from the United States EPA (1995).
We use these estimates for the United States. We use the two regression equations described above
7to estimate emissions for the rest of the World. Global data for coal and oil consumption outside
the USA are calculated from the data for global carbon emissions generated by Keeling (1994) and
Marland et al. (1994) converted back to BTU.  Data for copper smelting outside the US are
generated by combining information from Möller (1984) and US Statistical Abstracts (US,
Department of Commerce, various issues).
1970-1993
We use published estimates of emissions for the US (United States EPA, 1995) and other OECD
countries (OECD, various issues, Environmental Data Compendium; 1994a; 1994b; World
Resources Institute, 1994) and the regression method for non-OECD countries. Missing
observations for individual OECD countries are interpolated using exponential growth rates. We
extrapolate observations to 1970 for a number of more developed European countries by assuming
that they follow the same percentage changes as Germany. For Greece and Turkey, we assume that
in the earliest period, the growth rate was equal to that in the earliest observed period. Observations
for 1992 and 1993 are available only for the US and Austria. We assume that all West European
countries had the same percentage change in emissions as Austria while Canada had the same
percentage changes as the US. We do not have observations for Australia or New Zealand, but
these are implicit in the total observations for the OECD (OECD, various issues, Environmental
Data Compendium; 1994a). We assume that the proportion of OECD emissions accounted for by
these countries moved smoothly between observations on the OECD as a whole.
The regression procedure is used to estimate sulfur emissions outside the OECD. Energy use
outside OECD nations is calculated by subtracting OECD energy use (OECD, various issues,
Energy Balances ) from the world estimates. To estimate emissions from copper smelting outside
OECD nations, data for copper smelting by OECD nations are subtracted from the world total
(UN, various issues).
Finally, the Gulf war and subsequent sabotage of the Kuwaiti oil fields generated a large one-time
emission of sulfur.  To include this source, we use the estimates generated by Husain (1994).  He
estimates that one billion barrels of oil were lost in Kuwait as a result of the Gulf War in 1991. He
estimates that the 2,408,750 barrels of oil and associated natural gas, which were burned on
February 28, 1991, emitted  22410 tons of sulfur dioxide. We apply this one day estimate to the
total 1 billion barrels lost and divide by two (molecular weight of sulfur dioxide is 64 and atomic
weight of sulfur is 32) to calculate a sulfur content of 4,651,790 tons. This estimate is added to
emissions in 1991.  To prevent double counting, this one billion barrels of oil is subtracted from
8the data used in the regression equation to estimate the quantity of sulfur emitted by oil
consumption.
IV Results
A table of the estimates for the US, non-US OECD, Rest of the World, and global emissions can
be downloaded via the World Wide Web at http://cees-server.bu.edu. We estimate that global
emissions of sulfur dioxide rise steadily between  1860 and 1989, but decline slightly thereafter
(Figure 1). The estimates for the three time periods join fairly smoothly. The estimate for
emissions in 1900 using the formula for the previous segment is 15.2 million tonnes while the
formula for the second segment generates an estimate of 15.5 million tonnes. The estimate for
emissions in 1970 generated from the formula for the previous segment is 70.0 million tonnes
while the formula for the second segment generates an estimate of 67.8 million tonnes. These
differences are relatively small in percentage terms, 1.7% in 1900 and 3.1% in 1970.  The
discrepancy in 1970 is primarily due to our formula overestimating emissions from the non-US
OECD, for which published estimates become available for the first time in 1970. For 1970 the
predictor indicates 20.46 million tonnes S as opposed to an observation of 18.30 million tonnes for
the non-US OECD which is an overprediction of 11.8%. The discrepancy increases very rapidly to
an overprediction of 17.9% in 1971, 22.5% in 1972 etc. Based on this trend, we assume that the
overprediction in 1969 was half that in 1970 at 1.13 million tonnes and subtract this amount from
our 1969 estimate.
V Discussion
Global emissions of sulfur dioxide rise from 2.8 million tonnes in 1860 to 79.3 million tonnes in
1993, which is an increase of 28 fold.  Over the same period, emissions of carbon dioxide from
fossil fuels increase  65 fold while total emissions of carbon dioxide increase 15 fold.
Our estimates of emissions are consistent with previous estimates.  Dignon and Hameed (1989)
estimate 2 million tonnes of sulfur were emitted in 1860, Möller (1984) estimates 2.5 million
tonnes were emitted, while we estimate 2.8 millions tonnes were emitted.  Although these
estimates differ widely when measured in percentages, the differences are small in absolute terms.
This latter measure is more important because the effect of emissions on albedo depends on their
absolute level.
9The absolute size of the differences grow for estimates in the latter portion of the sample periods,
but these differences can be reconciled based on what sources are included or excluded. For 1977,
the last year in the Möller series, he estimates that 74.9 million tonnes were emitted, Hameed and
Dignon (1992) estimate that  60.1 million tonnes were emitted, and we estimate that 74.6 million
tonnes were emitted.  For 1986, the last year in the Hameed and Dignon series, they estimate that
67.2 million tonnes were emitted while we estimate that 83.9 million tonnes were emitted. We
expect our estimate of emissions to be greater than the estimates generated by Hameed and Dignon
because our estimates include emissions from copper.  For example, in 1970 we estimate that
emissions from fossil fuels were 56.6 million tonnes while their estimate is 57 million tonnes.
Most important are our estimates from 1986 through 1993. We estimate that world emissions rise
from 83.9 million tonnes in 1986 to 86.4 million tonnes in 1989 and subsequently decline to 79.3
million tonnes in 1993 with the exception of 1991, which was the year of the Kuwait oil fires. The
change is generated by a slight rise followed by a slight fall in US emissions and a rise and steeper
fall in emissions in the rest of the world (Table 1). Emissions by OECD nations other than the US
decline during this period due to the LRTAP acid rain agreements in Europe. Emissions by this
region increase in 1991 because emissions by the former East Germany are included with
emissions of the former West Germany for the first time.  Emissions by nations outside the OECD
start to decline sharply in 1990 because of the beginning of a world wide recession and economic
restructuring of centrally planned economies in Eastern Europe. The effects of the reclassification
of East Germany as part of West Germany in 1991 is partially offset by the Kuwait oil fires.
There is also a significant change in the geographic location of emissions.  Emissions by nations
outside the OECD increase from 35.4  to 67.2 million tonnes between 1970 and 1989, an increase
of 90% or 3.3% per annum (Figure 2).  Because of this increase, the share of emissions from
nations outside the OECD has increased while the share of emissions from OECD nations
decreases from 48 percent of world total in 1970 to 24 percent in 1993. We expect that the share of
sulfur emissions from nations outside the OECD will continue to increase.  This rise is consistent
with trends reported by Hameed and Dignon (1992), who estimate that Asia now is the dominant
source of emissions.
Finally, we compare our estimate of global emissions with the record for atmospheric
concentrations of non sea sulfates generated by Mayewski et al. (1989)from an ice core record that
was recovered from Greenland (Figure 3). The volatility of the ice core record is caused primarily
by volcanic eruptions.  The two series share the same trend until the 1970s, when they diverge
sharply. The sharp decline in the ice core record may indicate that this record primarily reflects
1 0
emissions from North America.   There is considerable agreement between the GISP2 core and the
record of US emissions generated by the US EPA (Figure 4).   The agreement is especially strong
during the early and late parts of the series, but weakens in the long middle period. The correlation
coefficient between US emissions and the ice core record is lower than the correlation coefficient
between world emissions and the ice core record. This mismatch may be due to the omission of
emissions from Canada.  Unfortunately, data for emissions by Canada are available only from
1970 to the present.  In spite of these differences, the emissions estimates presented here and by
previous authors are quite consistent with the historical record preserved in ice cores.
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Table 1 Regression Results for the USA 1900 - 1970
The estimated regression relationship is (with standard errors in parentheses):
S = 0.5477 Coal + 0.1469 Oil
(0.0132) (0.0135)
R
_
  
2
   = 0.9007
Durbin-Watson = 2.0058
Q(17)                = 10.9878
Dickey-Fuller = -8.2368
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Figure 1
World SOx Emissions 1860-1993
Tg
 S
0.00
10.00
20.00
30.00
40.00
50.00
60.00
70.00
80.00
90.00
1860 1870 1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990
1 4
Figure 2
Regional SOx Emissions 1970-1993
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Figure 3
Sulfate Record from Greenland Ice Core (Mayewski et al., 1989) and Global SOx
emissions
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Figure 4
Sulfate Record from Greenland Ice Core (Mayewski et al., 1989) and US SOx
emissions (EPA, 1995)
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